Introduction
============

Atherosclerosis is a chronic and maladaptive inflammatory disease, which is initiated by the accumulation of modified lipoproteins such as oxidized low density lipoprotein (oxLDL) in the arterial wall. These retained lipoproteins activate endothelium, and the activated endothelial cells in turn recruit circulating monocytes that further differentiate into macrophages [@B1]-[@B3]. Macrophages then uptake the subendothelial lipoproteins and become foam cells. As we know, a balance between cholesterol influx in and efflux out of foam cells exists under the normal physiological condition [@B4]; however, in advanced atherosclerotic plaques, this balance is tilted and cholesterol efflux decreases [@B5], [@B6]. This continuous accumulation of free cholesterol in foam cells causes endoplasmic reticulum (ER) stress, which evokes inflammatory responses that ultimately lead to foam cells apoptosis [@B5], [@B6]. If apoptotic bodies are not efficiently cleared by efferocytosis, secondary necrosis will occur and result in atherosclerosis progression [@B5], [@B6]. Therefore, the homeostasis of cholesterol influx and efflux has a critical importance in atherogenesis. Although reducing cholesterol influx with statin treatment has achieved clinical success, most clinical cardiovascular events still happen due to the pre-established plaque burden at the onset of therapy [@B7], [@B8]. Thus, enhancement of cholesterol efflux from atheroma has emerged as the most promising therapeutic strategy to promote atheroma regression [@B9], [@B10].

PPARγ-LXRα-ABCA1/ABCG1 pathway in macrophages plays an important role in regulating cholesterol efflux. Both PPARγ and LXRα are transcription factors and can be activated by the components of oxLDL. Activated LXRα directly increases the levels of the membrane ATP-binding cassette transporters, ABCA1 and ABCG1, which pump cholesterol out of macrophages [@B11]-[@B15]. Activated PPARγ, when in the presence of apoptotic cells, further increases the expression level of LXRα and synergizes the cholesterol efflux function of LXRα-ABCA1/ABCG1 [@B16]-[@B18]. More than 50% cholesterol exits out of macrophages through ABCA1, and in advanced plaques, the decreased expression of ABCA1 leads to an 80% reduction in cholesterol efflux [@B6]. In addition to regulating cholesterol homeostasis, PPARγ and LXRα also show anti-inflammatory functions by promoting the release of anti-inflammatory factors [@B13], [@B19]-[@B21]. Moreover, the activated LXRα enhances phagocytosis of apoptotic cells by inducing the expression of the cell surface receptor, Mer tyrosine kinase (MerTK) [@B22]. All of these results suggest that activation of PPARγ and LXRα would improve outcomes of atherosclerotic patients. Indeed, PPARγ and LXRα agonists that promote macrophage cholesterol efflux could enhance apoptotic cell efferocytosis and reduce atherosclerosis *in vivo* [@B23]-[@B25]. However, in view of their systemic side effects such as heart failure and hepatosteatosis, their clinical applications are limited [@B22], [@B26]-[@B28]. Therefore, locally activating the PPARγ-LXRα-ABCA1/ABCG1 pathway in atherosclerotic plaques might be a promising therapeutic strategy against atherosclerosis.

Sonodynamic therapy (SDT) is an emerging approach that involves a combination of low-intensity ultrasound and specialized chemical agents known as sonosensitizers [@B29]. The superior features of ultrasonic radiation, including safety, local treatment with little effects on normal tissues, and a good tissue-penetrating ability without obvious attenuation of its energy, make SDT a very attractive modality from a clinical perspective [@B29], [@B30]. 5-aminolevulinic acid (ALA) is a natural precursor of a sonosensitizer, protoporphyrin IX (PpIX), and it is metabolized to PplX in cellular mitochondria [@B31]-[@B33]. In our previous study, we showed that ALA-SDT induces the apoptosis of THP-1 macrophage-derived foam cell via the mitochondria-caspase pathway, which is different from the cell death of foam cells induced by the chronic ER stress in advanced atheroma [@B34]. And, we found that ALA-SDT inhibited atherosclerosis progression in both rabbit and apoE^-/-^ mouse models [@B35]. In the present study, we investigated the potential mechanism of effects of ALA-SDT on atherosclerosis *in vivo* by using a western diet-fed apoE^-/-^ mouse model. The results showed that ALA-SDT activated the PPARγ-LXRα-ABCA1/ABCG1 pathway, enhanced efferocytosis and cholesterol efflux, induced anti-inflammatory response, and eventually ameliorated atherosclerosis.

Methods
=======

Materials are described in [Supplementary Material](#SM0){ref-type="supplementary-material"}

Mice
----

Male C57BL/6J apoE^-/-^ mice were purchased from Qingzilan Technology Co., Ltd., (Nanjing, China) and housed in a specific pathogen-free environment on a 12 h/12 h light/dark cycle at 25 °C. From the age of 5 weeks, the mice were fed western diet (Qingzilan Technology Co., Ltd., Nanjing, China) for 16 weeks to induce advanced atherosclerotic plaques in the aortic root. All the animal protocols were approved by the Ethics Committee of Harbin Medical University (ECHMU).

Sonication device and treatment protocol
----------------------------------------

The ultrasonic generator, transducer and power amplifier used in this study were designed and assembled by the Harbin Institute of Technology (Harbin, China). 21-week-old mice were randomly separated into four groups: control group, ALA group, ultrasound (US) group and SDT group. ALA and US groups were mainly omitted in the results due to the lack of significant difference between control group and ALA group or US group (**Figure [S1](#SM0){ref-type="supplementary-material"}**). For the SDT group, the mouse thorax area was exposed to ultrasonic radiation for 15 min at 2 h post-injection of ALA (60 mg/kg) into the caudal vein (**Figure [1](#F1){ref-type="fig"}A**). The mouse was placed above a water column with a height of 30 cm, and the bottom of the water column was connected to the ultrasonic transducer (diameter: 3.5 cm; center frequency: 1 MHz; duty factor: 10%; repetition frequency: 100 Hz; the diameter of ultrasound distributed zone at 30 cm from transducer: 1.0 cm). The ultrasonic intensity was 0.5 W/cm^2^ (86.6 kPa). After treatment, the mice were fed a normal diet until the scheduled follow-ups at 1 d (n=15), 3 d (n=15), 7 d (n=15) or 28 d (n=15).

Tissue harvest
--------------

Following anesthetization, the heart and the aorta were carefully removed. The top half of the heart was excised, snap-frozen and serially cross-sectioned. Representative cryosections of aortic valves displaying similar lesion morphology were prepared for TUNEL staining or immunofluorescence staining (n=9). The intimal lesion area, representing the plaque area, was measured. The average of the target area values of the three aortic valves representing one section was calculated. The aorta was stripped of its adventitial fat, weighed, stored in liquid nitrogen and used for western blot assays.

Oil Red O staining
------------------

Cryosections of the aortic valves were stained with Oil Red O to detect lipids in the plaques and were then counterstained with hematoxylin (n=6). Images were captured using an Olympus microscope. The red area relative to the plaque area was calculated using Image-Pro Plus 6.0 software (Media Cybernetics, USA).

TUNEL staining and efferocytosis assay
--------------------------------------

Efferocytosis was defined as the merging of TUNEL-positive/CD68-positive images. Free apoptotic cells were defined as TUNEL-positive alone images [@B36], [@B37]. The nuclei were counterstained with DAPI. The phagocytotic rate was determined in situ by counting the number of free apoptotic cells versus efferocytotic macrophages in each lesion section.

Double-immunofluorescence assay
-------------------------------

Double-immunofluorescence staining was performed with cryosections. The positive double-staining area relative to the plaque area was measured using Image-Pro Plus 6.0 software.

Cell culture and foam cell formation
------------------------------------

Human THP-1 cells obtained from American Type Culture Collection (ATCC; Manassas, VA, USA) were seeded on 35-mm Petri dishes at a density of 0.5×10^6^ cells/mL in RPMI 1640 medium containing 10% FBS, 10 IU/mL penicillin and 10 µg/mL streptomycin and maintained at 37 °C in a humidified atmosphere containing 5% CO~2~. The THP-1 cells were differentiated into macrophages by adding 100 ng/mL PMA for 72 h. The macrophages were transformed into foam cells by incubating with 50 µg/mL oxLDL in serum-free RPMI 1640 medium containing 0.3% BSA for 48 h.

Treatment protocol
------------------

For the SDT group, the foam cells were incubated in the dark in the presence of 1.0 mM ALA for 6 h at 37 °C and then exposed to ultrasound at 0.4 W/cm^2^ for 5 min [@B34]. The Petri dish was placed in a water bath above the ultrasonic transducer, and the sonication device was used as described previously (**Figure [1](#F1){ref-type="fig"}B**). In the SDT + GW9662 group, the phagocytes were pretreated with 10 μM of the PPARγ antagonist GW9662 for 1 h.

*In vitro* efferocytosis detection by flow cytometry
----------------------------------------------------

Five hours after SDT treatment, the supernatants from each group were collected and added to fresh foam cells (phagocytes) for 4 h. To detect efferocytosis, the phagocytes were washed twice after incubation with supernatants from the different groups. Then, two dishes of the apoptotic cells (AC) induced by SDT were moved to one dish of phagocytes. The AC were labeled with 100 ng/mL pHrodo^TM^ Red SE for 30 min before incubating them with the phagocytes to label those phagocytes that had ingested the AC ("ingesting phagocytes"; IPs) [@B38]. After the phagocytes were incubated with the apoptotic cells for 1 h, the non-ingested AC were removed from the phagocytes via thorough rinsing. Then, the phagocytes were collected, incubated with Percp-anti-CD11b for 1 h in the dark and then washed with PBS. Samples were assessed using a FACSCalibur flow cytometer within an hour and the data were analyzed with FlowJo software. This assessment was performed in triplicate.

*In vitro* Oil Red O staining
-----------------------------

After incubation with supernatants from each treatment group for 4 h, the phagocytes were incubated for an additional 12 h in serum-free medium containing 0.2% BSA with or without 15 μg/mL apoA1 and 50 μg/mL HDL. Then, the foam cells were fixed and stained with Oil Red O, counter-stained with hematoxylin, and photographed under a microscope [@B39].

Quantitative measurement of intracellular cholesterol content
-------------------------------------------------------------

Phagocytes were processed as described in the Methods section for *in vitro* Oil Red O staining. The total and free cholesterol levels in the phagocytes were analyzed using total and free cellular cholesterol continuous cycle enzymatic colorimetric kits according to the manufacturers\' instructions.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

The supernatants of foam cells from each group after incubation with phagocytes for 4 h and those from the SDT group after incubation with phagocytes for 0-12 h were collected. The levels of the anti-inflammatory factors IL-10 and TGFβ in the supernatants were detected using ELISA kits according to manufacturer\'s instructions (n=6). This assessment was performed in triplicate.

Immunoblotting
--------------

SDS-PAGE and immunoblotting were performed according to standard procedures. The protein samples were loaded onto 10% or 15% SDS-PAGE for electrophoresis and blotting. The membranes were incubated overnight at 4 ℃ with primary antibodies. After washing, the membranes were incubated in a secondary IgG antibody conjugated to horseradish peroxidase for 1 h, and the protein levels were detected using an electro-chemiluminescence detection system (Amersham Pharmacia Biotech, Uppsala, Sweden). Densitometric values were quantified using Quantity One software (Bio-Rad, Hercules, CA, USA).

Transfection of small interfering RNA (siRNA)
---------------------------------------------

To knockdown PPARγ in phagocytes, cells were transfected with siRNA against PPARγ (GenePharma Co., Ltd., Shanghai, China) using X-tremeGENE siRNA Transfection Reagent according to the manufacturer\'s guidelines. The siRNA oligonucleotides were as follows: PPARγ S1, 5′ -CUGGCCUCCUUGAUGAAUATT-3′; PPARγ S2, 5′-ACUCCACAUUACGAAGACATT-3′; and negative control, 5′-UUCUCCGAACGUGUCACGUTT-3′.

Statistical analysis
--------------------

All data are presented as the mean value ± SD. The difference among groups was analyzed via one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls test. Statistical evaluation was performed using SAS 9.1 (SAS Institute Inc., Cary, NC) software. Differences were considered to be statistically significant when *P*\<0.05.

Results
=======

Accumulation and distribution of ALA-PpIX *in vivo*
---------------------------------------------------

The typical emission spectrum of ALA-PpIX at 635 nm under excitation of 405 nm violet light was detected using a fluorescence spectrometer (**Figure [S2](#SM0){ref-type="supplementary-material"}A**). In apoE^-/-^ mouse aortic lesion, the fluorescence intensity of ALA-PpIX peaked at 2 h after intravenous administration of ALA (**Figure [S2](#SM0){ref-type="supplementary-material"}B**), in accordance with our previous result detected in rabbit carotid artery plaque [@B40].

To further confirm in which cell type ALA-PpIX accumulated in the advanced plaque, the apoE^-/-^ mouse aortic roots were stained with macrophage and smooth muscle cells marker. As shown in **Figure [S3](#SM0){ref-type="supplementary-material"}A**, ALA-PpIX exclusively accumulated in the macrophages in the plaque. The colocalizaiton of ALA-PpIX and TOM20 further verified that ALA-PpIX specifically accumulated in the mitochondria of macrophages (**Figure [S3](#SM0){ref-type="supplementary-material"}B**). **Figure [S3](#SM0){ref-type="supplementary-material"}C** showed that ALA-PpIX did not accumulate in the smooth muscle cells in the plaque.

ALA-SDT treatment enhances cholesterol efflux both *in vivo* and *in vitro*
---------------------------------------------------------------------------

Atherosclerosis is a lipoprotein-initiated disease and the necrotic lipid core is a typical marker of advanced atheromatous plaque. In our previous data, we found that ALA-mediated photodynamic therapy (PDT) reduced plaque area by 59% at 4 weeks after PDT in a rabbit model [@B40]. Thus, we wondered whether ALA-SDT could reduce lipoprotein retention in the advanced atheroma. Oil Red O staining results demonstrated that compared with the control mice, ALA-SDT drastically reduced lipid area in the plaque as early as 1d after the treatment, and the lipid area further gradually shrank along with the time course (**Figure [2](#F2){ref-type="fig"}A-B**). The same trend of plaque area changes after ALA-SDT treatment was observed (**Figure [2](#F2){ref-type="fig"}C**). Accumulation of lipid in plaques is determined by both cholesterol influx and cholesterol efflux; therefore, the decreased lipid retention in the plaque after ALA-SDT treatment should be due to a relative increase in cholesterol efflux.

ALA-SDT-enhanced cholesterol efflux was further validated by *in vitro* assay. After co-incubation with supernatants from each treatment group, the foam cells (phagocytes) were incubated in apoA1- and HDL-containing serum-free media. Then, some phagocytes were stained by Oil Red O to observe the intracellular lipid droplets, and other phagocytes were processed to assess intracellular total cholesterol and free cholesterol content. Oil Red O results indicated that compared with control and ultrasound treatment groups, ALA-SDT treatment significantly decreased the lipid droplet in phagocytes (**Figures [2](#F2){ref-type="fig"}D-E**). And, the intracellular cholesterol assay result showed that ALA-SDT decreased approximately 40% free cholesterol and 24% total cholesterol compared with those of the Control group (**Figure [2](#F2){ref-type="fig"}F**), suggesting that ALA-SDT enhances cholesterol efflux.

Effects of ALA-SDT on reactive oxygen species generation *in vivo* and *in vitro*
---------------------------------------------------------------------------------

Our previous results showed that reactive oxygen species (ROS) produced by ALA-SDT induced foam cell mitochondrial pathway apoptosis *in vitro* [@B34]. To further detect the effect of ALA-SDT on ROS generation *in vivo*, the apoE^-/-^ mouse aortic roots were stained with ROS indicator DCFH-DA after ALA-SDT treatment. As shown in **Figure [S4](#SM0){ref-type="supplementary-material"}A-B**, ALA-SDT induced a significant increase of ROS production in the plaque; about a four-fold increase compared with the control group.

Next, we detected ROS production by ALA-SDT *in vitro*. Firstly, water containing 0.5 mM or 1 mM PpIX was exposed to ultrasound. Ultrasound alone increased ROS production detected by DCFH-DA (**Figures S4C**) and singlet oxygen generation detected by SOSG (**Figure [S4](#SM0){ref-type="supplementary-material"}D**). With the existence of PpIX, ultrasound radiation produced even higher ROS detected by DCFH-DA (**Figure [S4](#SM0){ref-type="supplementary-material"}C**), but not the singlet oxygen generation detected by SOSG (**Figure [S4](#SM0){ref-type="supplementary-material"}D**). And, we couldn\'t detect any absorbance changes for DPBF (**Figure [S4](#SM0){ref-type="supplementary-material"}E**). Then, ROS production by ALA-SDT in foam cells *in vitro* was detected by DCFH-DA. In accordance with the *in vivo* result, ALA-SDT induced a time-dependent increase of ROS production in the foam cells *in vitro*, which peaked at 3 h after the treatment with around a four-fold increase compared with the control group (**Figure [S4](#SM0){ref-type="supplementary-material"}F-G**).

ALA-SDT induces foam cells mitochondria pathway apoptosis and decreases ER stress in mouse atherosclerotic plaque
-----------------------------------------------------------------------------------------------------------------

We previously showed that ALA-SDT treatment resulted in THP-1 macrophage-derived foam cell acute apoptosis via the mitochondrial pathway. [@B34]. To test whether ALA-SDT could induce the same effect in advanced plaque *in vivo*, TUNEL staining of the aortic root of apoE^-/-^ mice was performed. Comparing to the control mice\'s plaques, ALA-SDT significantly induced apoptosis within atherosclerotic plaques (**Figure [3](#F3){ref-type="fig"}A**). The apoptosis rate in ALA-SDT-treated mice peaked at 1 d after ALA-SDT treatment, and then slowly decreased over time (**Figure [3](#F3){ref-type="fig"}B**). At 28 d after treatment, the percentage of apoptotic cells in ALA-SDT-treated mice\'s plaques approximately returned to the same level as that in the control mice.

In advanced plaques, apoptosis of foam cells is usually induced by chronic ER stress and results in inflammatory responses [@B41], [@B42]. To test whether ALA-SDT could induce a different apoptosis pathway as observed *in vitro* [@B34] other than chronic ER stress, we further detected the released cytochrome C, cleaved caspapase-3 and C/EBP homologous protein (CHOP) expression in plaques. As shown in **Figure [3](#F3){ref-type="fig"}C-D**, the percentage of cytochrome c-positive macrophages in plaques was significantly higher in the SDT 1 d mice compared to the control 1 d and other ALA-SDT-treated mice sacrificed at different time points. The percentage of cleaved caspase 3-positive macrophages also showed the same pattern among different groups (**Figure [3](#F3){ref-type="fig"}E-F**). Furthermore, we found that marker of ER stress CHOP-positive macrophages extensively decreased in all ALA-SDT-treated mice compared with the control mice (**Figure [3](#F3){ref-type="fig"}G-H**). Western blotting analysis further supported the results of immunofluorescence staining. Blotting results showed that, compared to control mice, the protein levels of cytochrome C and cleaved caspase 3 in atherosclerotic plaques was greatly elevated after ALA-SDT treatment, while CHOP protein expression drastically diminished (**Figure [3](#F3){ref-type="fig"}I-L**).

These results suggest that ALA-SDT treatment results in acute mitochondria pathway apoptosis of foam cells, and also considerably reduces ER stress in advanced plaques. The decrease of CHOP-positive macrophages is possibly due to the increase of foam cell mitochondria pathway apoptosis after ALA-SDT treatment.

ALA-SDT treatment increases efferocytosis both *in vivo* and *in vitro*
-----------------------------------------------------------------------

In advanced atherosclerotic lesions, almost all of phagocytes are loaded with free cholesterol and vulnerable to cell death, reducing their phagocytic ability [@B36], [@B37], [@B43]. In this setting, apoptotic foam cells cannot be efficiently cleared out by efferocytosis and undergo secondary necrosis, leading to expansion of the necrotic core. In our results, apoptotic cells drastically elevated in atherosclerotic plaques after ALA-SDT treatment (**Figure [3](#F3){ref-type="fig"}A**), accompanied by efferocytosis defined as the merging of TUNEL-positive/CD68-positive cells (**Figure [4](#F4){ref-type="fig"}A**), while in control atherosclerotic plaque, free apoptotic cells were detected defined as TUNEL-positive alone cells, indicating defective phagocytosis (**Figure [4](#F4){ref-type="fig"}A**). Surprisingly, although the apoptosis induced by ALA-SDT treatment peaked at 1 d after the treatment and then went down to background levels at 28 d (**Figure [3](#F3){ref-type="fig"}B**), the efferocytosis rate remained at a high level (\~100%) throughout the 28 days following the treatment (**Figure [4](#F4){ref-type="fig"}B**). This result indicates that ALA-SDT breaks the detrimental environment in advanced atheroma and changes towards a beneficial balance.

The *Mer* receptor tyrosine kinase (MerTK) is critical for the engulfment and efficient clearance of apoptotic cells, and MerTK-deficient mice showed inefficient removal of apoptotic cells [@B37], [@B44], [@B45]. Next, we investigated whether ALA-SDT-induced efferocytosis was associated with altered MerTK expression. As shown in **Figure [4](#F4){ref-type="fig"}C-D**, MerTK-positive macrophages were dramatically elevated in atherosclerotic plaques of ALA-SDT-treated mice and sustained until 28 d after the treatment, enhancing the phagocytic capability of macrophages to clear apoptotic cells. This result provides a potential evidence for the continuous efferocytosis in the plaque after ALA-SDT treatment.

To further validate the effects of ALA-SDT on phagocytosis, we carried out an *in vitro* co-incubation assay. The same number of pHrodo^TM^ Red SE-labeled apoptotic cells were incubated with phagocytes that were pre-incubated with supernatant from different treatment cells. The results revealed that the phagocytes treated with supernatant from the ALA-SDT group stimulated the most phagocytosis (**Figure [4](#F4){ref-type="fig"}E-F**). In addition, the protein levels of MerTK in ALA-SDT-treated phagocytes increased (**Figure [4](#F4){ref-type="fig"}G**).

The above results indicate that ALA-SDT treatment increases efferocytosis both *in vivo* and *in vitro*, partially due to the increase of MerTK expression in phagocytes.

ALA-SDT increases ABCA1 and ABCG1 expression both *in vivo* and *in vitro*
--------------------------------------------------------------------------

The observation that ALA-SDT decreased the lipid burden in atherosclerotic lesions made us hypothesize that ALA-SDT might modulate cholesterol efflux. To test this hypothesis, we stained atherosclerotic plaques with antibodies against ABCA1 and ABCG1, which are two members of the ABC family of transporter proteins and are mainly responsible for the efflux of phospholipid and cholesterol [@B15]. After ALA-SDT treatment, macrophages with positive staining of ABCA1 and ABCG1 were significantly elevated in atherosclerotic lesions (**Figure [5](#F5){ref-type="fig"}A-D**), suggesting that ALA-SDT-promoted cholesterol efflux is related to the increase in ABCA1 and ABCG1 expressions. Consistently, the levels of ABCA1 and ABCG1 detected by western blotting were notably enhanced after ALA-SDT treatment both*in vivo* (**Figure [5](#F5){ref-type="fig"}E-G**) and *in vitro* (**Figure [5](#F5){ref-type="fig"}H-J**).

ALA-SDT treatment activates anti-inflammatory reactions both *in vivo* and *in vitro*
-------------------------------------------------------------------------------------

Lipoprotein retention in plaque initiates a vicious circle leading to inflammation enhancement. Thus, we wondered whether the increase of cholesterol efflux after ALA-SDT treatment was accompanied by a decrease of inflammation. In the advanced plaque *in vivo*, compared with control mice, the IL10 (**Figure [6](#F6){ref-type="fig"}A-B**) and TGFβ (**Figure [6](#F6){ref-type="fig"}C-D**) positive expression rates significantly increased after ALA-SDT treatment and peaked at 7 d after the treatment. This result suggests that ALA-SDT activates anti-inflammatory reactions in the advanced atheroma.

We further assessed the IL10 and TGFβ levels in supernatants of phagocytes *in vitro*. When co-incubated with medium from ALA-SDT-treated foam cells, the levels of IL10 and TGFβ released from fresh phagocytes increased with time (**Figure [6](#F6){ref-type="fig"}E-F**). At 12 h post incubation, the level of IL10 was triple that of basal, and that of TGFβ was five-fold that of basal (**Figure [6](#F6){ref-type="fig"}E-F**). Also, compared with the control group, the ALA-SDT-treated phagocytes released significantly higher levels of IL10 and TGFβ (**Figure [6](#F6){ref-type="fig"}G-H**).

ALA-SDT treatment induces PPARγ and LXRα expression both *in vivo* and *in vitro*
---------------------------------------------------------------------------------

PPARγ and LXRα are two key upstream transcription factors regulating cholesterol efflux in macrophages. Strikingly, ALA-SDT induced an increase of the positive area rates of PPARγ and LXRα in the atherosclerotic plaque, which peaked at 1 d after the treatment, corresponding to the ABCA1 and ABCG1 results, then gradually went down (**Figure [7](#F7){ref-type="fig"}A-D**). For LXRα, the expression remained higher than that of the control group even at 28 d after the treatment (**Figure [7](#F7){ref-type="fig"}D**). Consistent with the results detected by immunofluorescent staining, the protein levels of PPARγ and LXRα were dramatically increased in the ALA-SDT-treated plaques (**Figure [7](#F7){ref-type="fig"}E-G**) and phagocytes pre-incubated with media from the ALA-SDT group (**Figure [7](#F7){ref-type="fig"}H-J**).

Promotion of cholesterol efflux induced by ALA-SDT is PPARγ dependent
---------------------------------------------------------------------

Engulfed apoptotic cells provide natural ligands for PPARγ and stimulate cholesterol efflux out of phagocytes via the PPARγ-LXRα-ABCA1/ABCG1 pathway [@B15]. To further verify the function of PPARγ on cholesterol efflux induced by ALA-SDT, PPARγ was knocked down with small interfering RNA (siRNA) in phagocytes. Our results demonstrated that PPARγ was the initiator of this pathway, as knockdown of PPARγ strongly inhibited the increased expression of LXRα, ABCA1 and ABCG1 in phagocytes co-incubated with ALA-SDT-treated supernatant (**Figure [8](#F8){ref-type="fig"}A-B**). Pre-knockdown of PPARγ in phagocytes also reversed the reduction of total and free cholesterol contents induced by ALA-SDT (**Figure [8](#F8){ref-type="fig"}C-D**). Moreover, PPARγ antagonist GW9662 inhibited the ALA-SDT-induced cholesterol efflux effect in phagocytes, as indicated by Oil Red O staining (**Figure [8](#F8){ref-type="fig"}E-F**). Meanwhile, GW9662 blocked the phagocytosis and anti-inflammatory reactions in phagocytes induced by ALA-SDT treatment (**Figure [8](#F8){ref-type="fig"}G-I**). The above results suggest that ALA-SDT treatment enhances cholesterol efflux, phagocytosis and anti-inflammatory reactions by activating PPARγ in phagocytes.

Discussion
==========

During the progression of atherosclerosis, continuous accumulation of lipid in foam cells induces chronic ER stress that eventually leads to foam cell apoptosis. Due to the defective phagocytosis in advanced atherosclerotic plaques, apoptotic foam cells cannot be efficiently cleared out and release intracellular cholesterol into plaques. Released cholesterol further enhances inflammatory responses and contributes to lesion progression. In this study, we administered ALA-SDT to western diet-fed apoE^-/-^ mice and THP-1 macrophage-derived foam cells, and demonstrated that the activation of PPARγ-LXRα-ABCA1/ABCG1 pathway following ALA-SDT-induced foam cell apoptosis stimulates effective phagocytosis and enhances cholesterol efflux and anti-inflammatory responses.

Ultrasound is emerging as a promising modality in various medical areas, such as cancer and cardiovascular diseases [@B29], [@B30]. Low-frequency ultrasound provides an additive effect to antiplatelet, antithrombotic and fibrinolytic drug therapies [@B46]. In a rabbit balloon angioplasty and stenting model, a chlorin derivative (PAD-S31) activated by transdermal ultrasonic irradiation inhibited neointimal hyperplasia [@B47]. Ultrasound activated PpIX, a sonosensitizer and metabolite of ALA, and induced mitochondria-specific damage, which led to foam cell apoptosis [@B31]-[@B33]. In our previous study, we treated THP-1 macrophage-derived foam cells with ALA-SDT and found that ALA-SDT induced foam cell mitochondrial pathway apoptosis due to the generation of ROS [@B34], which was further confirmed by our current study in the advanced plaque of apoE^-/-^ mice. The specific accumulation of ALA-PpIX in the mitochondria of macrophages in the advanced plaque and the generation of ROS upon ultrasound irradiation makes the cell death of foam cells quite different from that which naturally occurs in late-stage atherosclerotic plaques. The distinctions between these two types of cell death of foam cells are described as follows: 1) the former is mediated by the mitochondrial pathway, which is the preferred cell death mode in normal tissues since it does not trigger an inflammatory response, whereas the latter is induced by chronic ER stress and results in inflammatory responses [@B41], [@B42]; 2) the former is acute apoptosis that occurs as rapidly as within 5 h *in vitro* and 1 d *in vivo* (**Figure [3](#F3){ref-type="fig"}B**), whereas the latter is a chronic cell death that can take as long as years. Additionally, no systemic side effect of ALA-SDT treatment was detected *in vivo* (**Figure [S5](#SM0){ref-type="supplementary-material"}**).

ALA-SDT not only induced foam-cell apoptosis, but also enhanced the clearance of apoptotic foam cells. In advanced atherosclerotic lesions, almost all phagocytes are loaded with free cholesterol and are vulnerable to death, which reduces their phagocytic ability [@B36], [@B37], [@B43]. In this setting, apoptotic foam cells cannot be efficiently cleared out by efferocytosis and undergo secondary necrosis, which leads to expansion of the necrotic core. Hence, both the increase of foam cell apoptosis and enhancement of efferocytosis triggered by ALA-SDT would significantly inhibit the progression of atherosclerosis. The increase of phagocytosis efficiency after ALA-SDT treatment is probably due to the apoptosis of the disabled phagocytes in the advanced plaques and recruitment of healthy circulating monocytes by locally elevated ATP [@B35]. The MerTK receptor on macrophages mediates the engulfment of apoptotic cells, and its shedding in advanced plaques contributes to the accumulation of apoptotic cells and the formation of a necrotic core [@B37], [@B44], [@B45]. The up-regulation of the MerTK receptor on phagocytes following ALA-SDT results in the efferocytosis enhancement (**Figure [4](#F4){ref-type="fig"}**).

Numerous studies suggest that defective cholesterol efflux plays a critical role in atherogenesis. In other words, acceleration of cholesterol export from atherosclerotic plaque may result in amelioration of atherosclerosis. In the present study, we found that ALA-SDT enhanced cholesterol efflux, which was concurrent with the regression of lesion size. The plaque lipid efflux was detected as early as 1 d after ALA-SDT treatment (**Figure [2](#F2){ref-type="fig"}B**). However, the rapid lipid export from atherosclerotic plaque was not attributed to changes in blood cholesterol levels, which display no obvious difference between the control and SDT groups (**Figure [S6](#SM0){ref-type="supplementary-material"}**). To date, the only successful model of rapid regression of atherosclerosis was established by Fisher et al. They transplanted a segment of plaque-containing aorta from a hyperlipidemic apoE^-/-^ mouse into a wild-type recipient and found atherosclerotic regression 3 d after transplantation [@B10]. Their results confirmed that lipid efflux occurs surprisingly rapidly once the plaque milieu is improved. In the current study, we observed rapid ROS production in advanced plaque by ALA-SDT treatment, followed by an increase of ABCA1 and ABCG1 expression and a decrease of lipid area at one day after the treatment. A previous study showed that subendothelial lipoprotein-matrix interaction hinders cholesterol efflux by inhibiting movement of lipid particles as well as emigration of macrophages [@B3]. We wondered whether ultrasonic oscillation may physically disrupt the lipid-matrix interaction and facilitate cholesterol efflux. However, ultrasound treatment alone didn\'t decrease the lipid area or plaque area (**Figure [S1](#SM0){ref-type="supplementary-material"}A-B**). In addition, it didn\'t induce a significant increase of apoptosis or an increase in ROS production *in vivo* (**Figure [S1](#SM0){ref-type="supplementary-material"}C-D**). These results indicate that the ROS production from the combination of ALA and ultrasound plays a determinant role in plaque regression by ALA-SDT treatment. Whether ultrasonic oscillation can break the physical interaction between lipoprotein particles and matrix and contributes to the cholesterol efflux and macrophage emigration still needs additional exploration.

The important roles of inflammation in promoting atherosclerosis are now well documented. In advanced plaques, chronic ER stress-induced apoptotic foam cells elicit an inflammatory response [@B21], [@B48]. ALA-SDT drastically improved the inflammatory environment, increasing the expressions of IL10 and TGFβ (**Figure [6](#F6){ref-type="fig"}**). This is probably due to the fact that ALA-SDT induces apoptosis of foam cells mainly via the mitochondrial pathway, enhances the clearance of apoptotic foam cells and increases the recruitment of circulating monocytes [@B35]. Indeed, ER stress marker protein CHOP, which is strongly correlated with plaque rupture [@B21], was clearly decreased after ALA-SDT (**Figure [3](#F3){ref-type="fig"}H**), suggesting ALA-SDT corrects the defective phagocytosis in advanced plaque and destroys the inflammatory initiator.

Regarding the potential mechanism of these beneficial consequences of ALA-SDT treatment, nuclear receptor PPARγ plays critical roles. First, the activation of PPARγ in phagocytes upon recognition of PtdSer on apoptotic cells induces the expression of LXRα [@B15], and LXRα promotes efficient clearance of apoptotic cells by inducing expression of the MerTK gene, a receptor tyrosine kinase that is critical for phagocytosis [@B22]. In our study, we verified that ALA-SDT treatment increased MerTK expression in the plaque and the upregulation of MerTK was sustained for 28 d (**Figure [4](#F4){ref-type="fig"}D**). Secondly, the activation of PPARγ and LXRα interferes with NF-κB and STAT activity and performs potent anti-inflammatory functions in macrophages [@B13], [@B19]-[@B21]. In this study, PPARγ-dependent anti-inflammatory responses were detected *in vivo* and*in vitro* (**Figure [6](#F6){ref-type="fig"}** and **Figure [8](#F8){ref-type="fig"}**). Lastly, PPARγ and LXRα play key roles in cholesterol efflux from macrophages by inducing ABCA1 and ABCG1 expression. In the present study, we detected activation of PPARγ-LXRα-ABCA1/ABCG1 pathway and a rapid decrease in plaque lipids after ALA-SDT treatment (**Figure [2](#F2){ref-type="fig"}A**). Because of the limitations of lipid staining and cholesterol analysis, we cannot distinguish intracellular lipids from extracellular lipids in the lesions. Nevertheless, in the *in vitro* study, we found that 40% more intracellular free cholesterol was exported out of cells 12 h after ALA-SDT intervention compared with the control group (**Figure [2](#F2){ref-type="fig"}F**). The macrophage scavenger receptor CD36 mediates apoptotic cells and oxLDL engulfment and is a target gene of PPARγ [@B49]. Loss of CD36 does not ameliorate atherosclerosis in hyperlipidemic mice but increases aortic sinus lesion areas [@B50]. In this study, an upregulation of CD36 was found both *in vivo* (**Figure [S7](#SM0){ref-type="supplementary-material"}A-D**) and *in vitro* (**Figure [S7](#SM0){ref-type="supplementary-material"}E-F**) after ALA-SDT treatment, indicating that ALA-SDT simultaneously enhances the cholesterol influx and efflux abilities of phagocytes in the plaque, contributing to the clearance of lipid deposit outside the phagocytes, and the net effect is an increase in lipid efflux. Based on these results, we infer that the intracellular and extracellular lipids in the plaque decreased concurrently after ALA-SDT treatment. However, there was no obvious cholesterol efflux detected in the ultrasound group compared with the control group *in vitro* (**Figure [2](#F2){ref-type="fig"}F**). A potential explanation might be a balance of cholesterol influx and efflux in the ultrasound group.

ALA-SDT-mediated rapid cholesterol export may exert more beneficial effects than chronic interventions, such as oral PPARγ and LXR activators, since it occurs locally without off-target toxicity [@B51]. Indeed, ALA-SDT somehow activates the PPARγ-LXRα-ABCA1/ABCG1 pathway, which at least partially results in the enhancement of apoptotic cell efferocytosis and cholesterol efflux and the improvement of the inflammatory environment in advanced plaques (**Figure [9](#F9){ref-type="fig"}**). We are not quite sure how ALA-SDT activates the PPARγ-LXRα-ABCA1/ABCG1 pathway. In our*in vitro* study, we demonstrated that the PPARγ-LXRα-ABCA1/ABCG1 pathway is activated when phagocytes are incubated with media from the ALA-SDT-treated foam cells (**Figure [7](#F7){ref-type="fig"}H**), indicating that the PtdSer-containing apoptotic particles or cytokines secreted by ALA-SDT-induced apoptotic cells activate this pathway in phagocytes. However, other possibilities cannot be excluded. For instance, ALA-SDT somehow directly activates this pathway.

In summary, ALA-SDT ameliorates atherosclerosis by inducing foam cell mitochondria pathway apoptosis, enhancing efferocytosis, and improving cholesterol efflux and the inflammatory environment (**Figure [9](#F9){ref-type="fig"}**). The advantage of local treatment by ALA-SDT is the avoidance of off-target and systemic side effects. Additionally, no endothelium damage was detected after ALA-SDT treatment [@B35]. In a pilot clinical trial including patients with atherosclerotic peripheral artery disease, a combination of SDT and atorvastatin treatment abrogated the progression of atherosclerosis within four weeks, and the efficacy lasted until 40 weeks follow-up [@B35]. Thus, ALA-SDT might become a novel therapeutic strategy for atherosclerosis.
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![Schematic diagram of the experimental procedure applying ALA-SDT treatment *in vivo* (A) and *in vitro* (B).](thnov08p4969g001){#F1}

![**ALA-SDT treatment enhances cholesterol efflux both *in vivo* and *in vitro.* (A)** Representative microscopic photographs of lipid in mice plaques stained by Oil Red O. **(B)** Quantitative analysis of lipid area per plaque. (n=6). **(C)** Quantitative analysis of plaque area. (n=6). **(D-E)** After incubation with supernatants from foam cells treated by control, ultrasound or SDT for 4 h, the phagocytes were incubated for an additional 12 h in serum-free media containing apoA1 and HDL. (D) Representative microscopic photographs of phagocytes stained with Oil Red O. (E) Quantification of the relative OD value in phagocytes in (D). **(F)** Quantitative analysis of intracellular total cholesterol (TC) and free cholesterol (FC) levels in phagocytes in (D). The assessment was performed in triplicate. Data are expressed as mean ± SD; \**P*\<0.05 vs. control group, \*\**P*\<0.01 vs. control group.](thnov08p4969g002){#F2}

![**ALA-SDT treatment induces foam cell mitochondria pathway apoptosis and decreases ER stress in mouse advanced atherosclerotic plaque**. **(A)** Representative fluorescence micrographs of aortic root stained with TUNEL (red) for apoptotic cells and counterstained with DAPI (blue) for the nuclei. **(B)** Quantification of TUNEL-positive apoptotic cells per mm^2^ plaque area (n=9). **(C, E, G)** Representative fluorescence micrographs of aortic root double stained with CD68 and cytochrome c (C), cleaved caspase 3 (E) or CHOP (G) (arrow) and counterstained with DAPI for nuclei. **(D, F, H)** Quantification of corresponding double-positive expression area in the aortic root of each group in (C, E, G) (n=9). **(I)** Aorta were collected 1 day after ALA-SDT treatment and cytochrome c, cleaved caspase 3 and CHOP expressions were detected by western blot. **(J-L)** Quantification of the protein expression of cytochrome c (J), cleaved caspase 3 (J) and CHOP (L) in aorta 1 day after treatment (n=6). Data are expressed as mean ± SD; \*\**P*\<0.01 compared with control group.](thnov08p4969g003){#F3}

![**ALA-SDT treatment increases efferocytosis both *in vivo* and *in vitro*. (A)** Representative fluorescence micrographs of aortic root double-stained with TUNEL (red) and CD68 (green). Efferocytosis was defined as the merging of TUNEL-positive/CD68-positive (yellow, arrow) images. **(B)** Quantitative analysis of phagocytotic rate in plaques after ALA-SDT treatment (n=9). **(C)** Representative fluorescence micrographs of aortic root double-stained with CD68 and MerTK (yellow, arrow). **(D)** Quantitative analysis of MerTK-positive expression area rate in plaques (n=9). **(E-G)** Five hours after SDT treatment, the supernatants of foam cells were collected and added to fresh foam cells (phagocytes) for 4 h. Then, the phagocytes were washed twice and fresh apoptotic cells (AC) labeled with pHrodo TM Red SE were added to phagocytes. 1 h later, the non-ingested AC were removed from the phagocytes. (E-F) Phagocytes were incubated with Percp-anti-CD11b and detected by flow cytometry. Representative flow cytograms (E) and quantification (F) revealing phagocytosis of phagocytes in different groups. (G) MerTK expression in phagocytes after co-incubation with supernatants of foam cells from different treatment groups was detected by western blot. The assessment was performed in triplicate. Data are expressed as mean ± SD; \*\**P*\<0.01 vs. control group, \^\^*P*\<0.01 vs. ultrasound group.](thnov08p4969g004){#F4}

![**ALA-SDT treatment increases ABCA1 and ABCG1 expression both *in vivo* and *in vitro*. (A, C)** Representative fluorescence micrographs of aortic root double-stained with CD68 and ABCA1 (A) or ABCG1 (C) (arrows). **(B, D)** Quantification of positive area of ABCA1 (B) and ABCG1 (D) in atherosclerotic lesions (n=9). **(E)** ABCA1 and ABCG1 expressions in atherosclerotic lesions were detected by western blot. **(F-G)** Quantification of ABCA1 (F) and ABCG1 (G) expressions in atherosclerotic lesions (n=6). **(H)** ABCA1 and ABCG1 expressions in phagocytes after co-incubation with supernatants of foam cells from different treatment groups were detected by western blot *in vitro*. **(I-J)** Quantification of ABCA1 (I) and ABCG1 (J) expressions in (H). The assessment was performed in triplicate. Data are expressed as mean ± SD; \**P*\<0.05 vs. control group, \*\**P*\<0.01 vs. control group, \^\^*P*\<0.01 vs. ultrasound group.](thnov08p4969g005){#F5}

![**ALA-SDT treatment activates anti-inflammation reactions both *in vivo* and *in vitro*. (A, C)** Representative fluorescence micrographs of aortic root double-stained with CD68 and IL10 (A) or TGFβ (C) (arrow). **(B, D)** Quantitative analysis of IL10-positive (B) or TGFβ-positive (D) expression area rate in mice plaques *in vivo* (n=9). **(E-F)** IL10 (E) and TGFβ (F) levels in culture medium of phagocytes after co-incubation with supernatants of foam cells treated with ALA-SDT were detected by ELISA *in vitro*. Data are expressed as mean ± SD; \**P*\<0.05 and \*\**P*\<0.01 vs. 0 h. **(G-H)** IL10 (G) and TGFβ (H) levels in culture medium of phagocytes after co-incubation with supernatants of foam cells from different treatment groups for 12 h were detected by ELISA *in vitro*. The assessments were performed in triplicate. Data are expressed as mean ± SD; \**P*\<0.05 vs. control group, \*\**P*\<0.01 vs. control group.](thnov08p4969g006){#F6}

![**ALA-SDT treatment induces PPARγ and LXRα expression. (A, C)** Representative fluorescence micrographs of aortic root double-stained with CD68 and PPARγ (A) or LXRα (C) (arrows). **(B, D)** Quantification of positive area of PPARγ (B) and LXRα (D) expression in mice plaques (n=9). **(E)** PPARγ and LXRα expressions in atherosclerotic lesions were detected by western blot. **(F-G)** Quantification of PPARγ (F) and LXRα (G) expressions in atherosclerotic lesions (n=6). **(H)** PPARγ and LXRα expressions in phagocytes after co-incubation with supernatants of foam cells from different treatment groups were detected by western blot *in vitro*. **(I-J)** Quantification of PPARγ (I) and LXRα (J) expressions in (H). The assessment was performed in triplicate. Data are expressed as mean ± SD; \**P*\<0.05 vs. control group, \*\**P*\<0.01 vs. control group, \^\^*P*\<0.01 vs. ultrasound group.](thnov08p4969g007){#F7}

![**Promotion of cholesterol efflux induced by ALA-SDT is PPARγ dependent. (A-D)** PPARγ was knocked down in phagocytes before exposing them to the supernatant of foam cells treated with ALA-SDT *in vitro*. (A-B) Expressions of PPARγ, LXRα, ABCA1 and ABCG1 in phagocytes were detected by western blot. (C-D) Quantification of total cholesterol (C) and free cholesterol (D) contents in phagocytes. **(E-I)** Phagocytes were pretreated with 10 μM of the PPARγ antagonist GW9662 for 1 h before exposing them to the supernatant of foam cells treated with ALA-SDT *in vitro*. (E-F) After incubation with supernatants from foam cells treated by ALA-SDT for 4 h, the phagocytes were incubated for an additional 12 h in serum-free medium containing apoA1 and HDL. (E) Representative microscopic photographs of phagocytes stained with Oil Red O. (F) Quantification of the relative OD value in phagocytes in (E). (G) Comparison of phagocytotic rate in phagocytes preincubated with GW9662. (H-I) Comparison of TGFβ (H) and IL10 (I) levels in culture medium of phagocytes preincubated with GW9662 after co-incubation with supernatants of foam cells stimulated by ALA-SDT. The assessment was performed in triplicate. Data are expressed as mean ± SD; \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](thnov08p4969g008){#F8}

![**A proposed theoretical model of the anti-atherosclerosis mechanism of ALA-SDT.** ALA-PpIX accumulates in mitochondria of foam cells in the advanced plaque. Once exposed to ultrasound, the foam cells undergo apoptosis via mitochondria-caspase pathway. This process activates the phagocytic PPARγ-LXRα-ABCA1/ABCG1 pathway and results in the enhancement of efferocytosis, cholesterol efflux as well as anti-inflammatory responses, thus eventually ameliorating atherosclerosis. The red arrow indicates cholesterol influx into the plaque; the green arrow indicates cholesterol efflux out of the plaque by apoA1 and HDL.](thnov08p4969g009){#F9}
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